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Supermassive Black Hole Binaries:
The Search Continues
Tamara Bogdanovic´
Abstract Gravitationally bound supermassive black hole binaries (SBHBs) are
thought to be a natural product of galactic mergers and growth of the large scale
structure in the universe. They however remain observationally elusive, thus raising
a question about characteristic observational signatures associated with these sys-
tems. In this conference proceeding I discuss current theoretical understanding and
latest advances and prospects in observational searches for SBHBs.
1 Theoretical background: formation and evolution of SBHBs
Over the past two decades it became apparent that the evolution of galaxies and their
supermassive black holes (SBHs) is intricately connected [1, 2, 3]. It has also been
known for a while that galaxies evolve through mergers [4, 5, 6, 7, 8, 9], thus raising
a question: when galaxies merge, what happens to their SBHs? In the aftermath of a
generic merger the two parent galaxies form a new stellar bulge and their SBHs find
themselves at a mutual separation of ∼kpc. At this stage, widely separated SBHs
are gravitationally bound to the surrounding gas and stars but not to one another. In
this proceeding I will refer to the dual SBHs in this phase of evolution as pairs and
to the gravitationally bound SBHBs as binaries.
Theoretical studies have established that evolution of SBH pairs from ∼kpc to
smaller scales is determined by gravitational interactions of individual black holes
with their environment (see the groundbreaking work by [10] for description and
[11] for a most recent review). These include interaction of the SBHs with their own
wakes of stars and gas, also known as the dynamical friction [12, 13, 14, 15], as well
as the scattering of the SBHs by massive gas clouds and spiral arms produced by the
local and global dynamical instabilities during the merger [16]. During these inter-
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actions the SBHs exchange orbital energy and angular momentum with the ambient
medium and can in principle grow though accretion [15, 17, 18, 19, 20, 21, 22, 23].
These factors determine the SBH dynamics and whether they evolve to smaller sep-
arations to form a gravitationally bound binary. For example, [24, 21] find that SBH
pairs with mass ratios q < 0.1 are unlikely to form binaries within a Hubble time at
any redshift. On the other hand SBH pairs with initially unequal masses can evolve
to be more equal-mass, through preferential accretion onto a smaller SBH. It is
therefore likely that SBH pairs with q & 0.1 form a parent population of bound
binaries at smaller separations.
Gravitationally bound binary forms at the point when the amount of gas and stars
enclosed within its orbit becomes comparable to the mass of the SBHB. For a wide
range of host properties and SBH masses this happens at orbital separations . 10 pc
[25, 19, 22]. The subsequent rate of binary orbital evolution sensitively depends on
the nature of gravitational interactions that it experiences and is still an area of active
research often abbreviated as the last parsec problem. The name refers to a possible
slow-down and stalling in the orbital evolution of the parsec-scale SBHBs driven
by the inefficient interactions with stars [14] and gas [17]. If present, a consequence
of this effect would be that a significant fraction of SBHBs in the universe should
reside at orbital separations of ∼ 1pc. Several recent theoretical studies that focus
on the evolution of binaries in predominantly stellar backgrounds however report
that evolution of binaries to much smaller scales continues unhindered [26, 27, 28,
29, 30], although the agreement about the leading physical mechanism responsible
for the evolution is still not universal [31].
SBH binaries in predominantly gaseous environments have also been a topic
of a number of theoretical studies [32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42].
They find that binary torques can truncate the sufficiently cold circumbinary disks
and create an inner low density cavity by evacuating the gas from the central
portion of the disk (see [43] and references above). As the binary orbit decays,
the inner rim of the disk follows it inward until the timescale for orbital de-
cay by gravitational radiation becomes shorter than the viscous timescale1 of the
disk [32]. At that point, the rapid loss of orbital energy and angular momentum
through gravitational radiation cause the binary to detach from the circumbinary
disk and to accelerate towards coalescence. This final phase of binary evolution
has been captured in a series of investigations based on fully relativistic particle
[44], electrodynamic and (magneto)hydrodynamic simulations of coalescing bina-
ries [45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56].
Through its dependance on the viscous time scale, the orbital evolution of a grav-
itationally bound SBHB in the circumbinary disk sensitively depends on the ther-
modynamic properties of the disk. These are uncertain, as they are still prohibitively
computationally expensive to model from the first principles and are unconstrained
by observations. More specifically, the thermodynamics of the disk is determined by
the binary dynamics but also by the presence of magnetic field and radiative heating
and cooling. While the role of magnetic field is beginning to be explored in some
1 The time scale on which the angular momentum is transported outwards through the disk.
Supermassive Black Hole Binaries: The Search Continues 3
simulations, a fully consistent calculation of radiative heating and cooling is still
beyond the computational reach.
Regardless of whether gravitationally bound SBH binaries evolve in mostly stel-
lar or gas rich environments, the exchange of angular momentum with the ambient
medium is likely to result in eccentric SBHB orbits [32, 34, 57, 58, 23]. An inter-
esting implication of this finding is that eccentric binaries that evolve all the way
to the gravitational wave (GW) coalescence may leave a clear imprint of the or-
bital eccentricity in their emitted waveforms, detectable by the future space-based
GW observatories, such as eLISA [59, 60]. Another property of astrophysical SBHs
that will be possible to measure to high precision and high redshifts from eLISA
observations are the magnitudes and orientations of the SBH spins prior to the coa-
lescence [60]. This is an exciting prospect as these would complement the existing
spin estimates for about two dozen single SBHs, based on measurements of the
relativistically broadened X-ray FeKα emission line profiles (see [61] for a recent
review of this method).
Our understanding of spin magnitudes and orientations in binary SBHs on the
other hand relies mostly on theoretical considerations. Interest in this topic was
triggered by the prediction of numerical relativity that coalescence of SBHs with
certain spin configurations can lead to the ejection of a newly formed SBH from its
host galaxy. This effect arises due to the asymmetry in emission of GWs in the final
stages of a SBH merger and can lead to a GW kick of up to ∼ 5000kms−1 [62, 63].
In majority of the binary configurations however, the GW kick velocity was found to
be lower and is minimized whenever the SBH spin axes are aligned with the binary
orbital axis.
Several subsequent theoretical studies found that accretion and gravitational
torques can act to align the spin axes of SBHs evolving in gas reach environments
and in such way minimize the GW recoil as long as the SBHs are orbiting within
a rotationally supported, moderately geometrically thik disk [64, 65, 66, 67, 68]
(see however [69] for a different view). The mutual SBH spin alignment is on the
other hand not expected to happen in gas poor environments, geometrically thick,
turbulent and magnetically dominated disks [70, 71, 72] hence, allowing a possi-
bility that runaway SBHs and empty nest galaxies may exist. This realization stim-
ulated lots of research activity on the astrophysical implications of the GW kick
[73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94,
95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105]. I will not dwell further on recoil-
ing SBHs in this proceeding except to note that some signatures of recoiling SBHs
can coincide with those of the subarsec scale SBHBs (see Sections 2.1 and 2.3),
effectively allowing to accomplish two searches with one observational strategy.
2 Observational evidence for SBHBs
The key characteristic of gravitationally bound SBHBs is that they are observation-
ally elusive and expected to be intrinsically rare. While the frequency of binaries
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is uncertain and dependent on their unknown rate of evolution on small scales (see
previous section), theorists estimate that a fraction < 10−3 of active galactic nuclei
(AGNs) at redshift z < 0.7 may host SBHBs [106]. This result has two important
implications: (a) any observational search for SBHBs must involve a large sample
of AGNs, making the archival data from large surveys of AGNs an attractive starting
point and (b) observational technique used in a search must be able to distinguish
signatures of binaries from those of AGNs powered by single SBHs. In the follow-
ing sections I describe the application of imaging, photometric, and spectroscopic
techniques, starting with the more direct methods and progressing towards less di-
rect. I focus on the techniques that have been commonly used in SBHB searches
and direct the reader to [107, 108] for recent reviews of a broad range of SBHB
signatures proposed in the literature.
2.1 Direct imaging of double nuclei
A clearest manifestation of a parsec scale SBHB is an image of a binary AGN which
forms a gravitationally bound system (as opposed to an accidental projection on the
sky). A practical obstacle in the detection of such objects arises from their small
angular separation on the sky: for example, a parsec-scale binary at a moderate
redshift of z ≈ 0.2 subtends an angle of only ∼ 3 mas on the sky (neglecting the
projection effects). Such scales are below the angular resolution of most astronomi-
cal instruments, except the very long baseline interferometers (VLBI) used at radio
wavelengths.
Fig. 1 VLBA image of the
SBHB candidate in the radio
galaxy 0402+379 observed at
the frequency of 8GHz. Two
compact radio cores, C1 and
C2, are separated by 7.3 pc
on the sky and are thought to
harbor SBHs. Figure adapted
from [109].
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A most convincing candidate for a SBHB in this class of objects was discovered
in the radio galaxy 0402+379 by the Very Long Baseline Array (VLBA; Figure 1)
[110, 109, 111, 112]. This object shows two compact radio cores at the projected
separation of 7.3 pc on the sky. Both cores are characterized by the flat radio spec-
tra and have been identified as possible AGN based on this signature [110, 109].
While the SBHB candidate in the galaxy 0402+379 was discovered serendipitously,
it demonstrated the power of radio interferometry in imaging of the small separation
SBHs.
In a subsequent investigation, Burke et al. [113] searched for binaries in the
archival VLBI data. The search targeted spatially resolved, double radio-emitting
nuclei with a wide range of orbital separations (∼ 3pc−5kpc) among 3114 radio-
luminous AGNs in the redshift range 0 < z ≤ 4.715. Another investigation in addi-
tion to SBHBs searched for the recoiling SBHs spatially offset from the centers of
their host galaxies [114]. The latter study is based on the VLBA 8GHz observations
of 834 nearby radio-luminous AGN2 with typical distances of ∼ 200 Mpc. Neither
search unearthed new instances of the double-radio nuclei, leaving several possible
interpretations: (a) there is a true paucity of SBHBs, (b) SBHBs may be present but
have low radio brightness, or (c) only one component of the binary is radio-bright
and it may or may not show a detectable spatial offset relative to the center of the
host galaxy. This points to difficulties in using the radio imaging as the primary
technique to select the gravitationally bound SBHB candidates or their progenitors
given their unknown radio properties. See however [115] for a discussion of the
optimal design of radio searches targeting the dual and binary SBHs.
2.2 Photometric measurements of quasi-periodic variability
The second most convincing line of evidence for the presence of a SBHB is a sus-
tained periodic or nearly periodic variability on a time scale associated with the
orbital period of the binary. This technique favors binaries with relatively short or-
bital periods, P . 10 yr, for which multiple cycles can be recorded in observations
(for e.g., [116, 117, 118, 119]). A well known example of a SBHB candidate in this
category is a blazar OJ 287 which exhibits outburst activity in its optical light curve
with a period close to 12 years (see Figure 2), interpreted as a signature of the orbital
motion [120].
It is worth noting however that OJ 287 is unique among photometrically selected
binary candidates because the first recorded data points in its light curve extend
into the 19th century. Along similar lines, OJ 287 received an unprecedented level
of observational coverage in modern times (from 1970s onwards), yielding a light
curve with high frequency sampling. While indications of quasi-periodicity have
been claimed in a handful of other objects, they are generally less pronounced and
recorded over much shorter time span than in the case of OJ 287, thus preventing
2 Radio sources brighter than 100 mJy were selected based on the NVSS catalogue at 1.4GHz.
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Fig. 2 Historical light curve of OJ 287 in V-magnitude recorded over more than 100 years. Quasi-
periodic outbursts with a period of ∼ 12 yr in the light curve of this object have been interpreted
as a signature of the SBHB orbital motion. Figure from [120].
a strong case for SBHBs from being made in these sources. This observationally
intensive technique may nevertheless play a more important role in the near future,
as a number of high-cadence synoptic sky surveys come online.
2.3 Spectroscopic measurements of offset broad emission-lines
The least direct of the three methods relies on the spectroscopic detection of the
Doppler-shift that arrises as a consequence of the binary orbital motion. It is based
on a well established technique for detection of single- and double-line spectro-
scopic binary stars. In the double-line systems each offset line corresponds to one
member of the binary, whereas in the single-line systems only one member is visi-
ble. In both classes of spectroscopic binaries, the lines are expected to oscillate about
their rest frame wavelength on the time scale corresponding to the orbital period.
SBHs in the circumbinary disk phase (described in Section 1) can accrete by
capturing gas from the inner rim of this disk. In the context of this model, the spec-
tral lines are assumed to be associated with the gas accretion disks that are grav-
itationally bound to the individual SBHs [121]. Given the velocities of the bound
gas, the emission line profiles from the SBH mini-disks are expected to be Doppler-
broadened, similar to the emission lines originating in the broad line regions (BLRs)
of AGNs. Moreover, several theoretical studies have shown that for binary mass ra-
tios q< 1 accretion occurs preferentially onto the lower mass object [122, 123, 124],
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Fig. 3 Broad Hβ emission line profiles of selected SBHB candidates. Peakes of the asymmetric
profiles are offset from the rest frame of the host galaxy (marked by the dashed line) by ∼ few×
103 kms−1. In the context of the SBHB model the broad profile is attributed to the emission from
the accretion disk of the smaller SBH, and the offset is attributed to its orbital motion. Figure
adapted from [138].
rendering it potentially more luminous than the primary and indicating that some
fraction of the SBHBs may appear as the single-line spectroscopic binaries.
This realization motivated several searches for SBHBs based on the criterion that
the culprit sources exhibit broad optical lines offset with respect to the rest frame of
the host galaxy [125, 126, 127, 128, 129, 130, 131, 132]. Because this effect is also
expected to arise in the case of a recoiling SBH receding from its host galaxy, the
same approach has been used to flag candidates of that type [79, 133, 134, 92, 135].
The key advantage of the method is its simplicity, as spectra that exhibit Doppler
shift signatures are relatively straightforward to select from large archival data sets,
such as the Sloan Digital Sky Survey (SDSS). Its main complication however is
that the Doppler shift signature is not unique to these two physical scenarios and
complementary observations are needed in order to determine the true nature of the
observed candidates [136, 137].
To address this ambiguity a new generation of spectroscopic searches has been
designed to monitor the offset of the broad emission line profiles over multiple
epochs and target sources in which modulations in the offset are consistent with
the binary motion [138, 139, 140, 141, 142, 143]. For example, Eracleous et al.
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[138] searched for z < 0.7 SDSS quasars whose broad Hβ lines are offset by
& 1000 kms−1. Using this criterion they selected 88 quasars for observational fol-
lowup from the initial catalog of∼ 16,000 objects. After the second and third epoch
of observations of this sample, statistically significant changes in the velocity offset
were found in 14 [138] and 9 objects [144], respectively, in broad agreement with
theoretical predictions [106].
Figure 3 shows several representative broad Hβ profiles selected in this search.
The profiles are asymmetric and have peaks offset by ∼ few× 103 kms−1 from
the rest frame of the galaxy, as inferred from from the narrow emission lines (the
narrow emission line components were subsequently removed from these profiles
for clarity). If velocity offset of 1000 kms−1 is interpreted as a signature of the
orbital motion of a binary with mass M ∼ 108 M⊙, it follows that the targeted popu-
lation of SBHBs has the average orbital separation of ∼ 0.1 pc and orbital period of
∼ 300 yr. Given a long average orbital period and observational campaigns which
typically span a time line about 10 years, it follows that searches of this type are in
principle capable of monitoring a SBHB during a fraction of its orbital cycle but are
in general not expected to record multiple cycles.
A detection of an incomplete orbital cycle still leaves a possibility that other as-
trophysical processes may masquerade as binaries. For example, an orbiting hotspot
produced by a local instability in the BLR of a galaxy, or outflows associated with
the accretion disk may produce similar signatures and cannot be excluded. Conse-
quently, the spectroscopic searches for SBHBs still require validation by another
complementary observational technique. Thanks to their efficiency in selection of
the SBHB candidate samples, spectroscopic searches can be combined with the di-
rect imaging of the binary nuclei (discussed in Section 2.1) and imaging of the host
galaxy, in order to search for any signs of interaction. This two-step approach can in
principle also be used to distinguish SBHBs from spatially and kinematically offset
recoiling SBHs.
3 Future theoretical and observational prospects
While selection of a well defined sample of SBHBs remains a principal goal in this
research field, an equally important consideration is what can be learned once such
sample is available. For example, the ongoing searches are based on the monitoring
of the broad optical emission lines, which are expected to encode some information
about the kinematics of the binary BLRs. It is thus plausible, although it remains
to be demonstrated, that by analysis of these line profiles one can learn about the
structure and thermodynamics of the circumbinary accretion flow, the very questions
that are hampering the progress of theoretical models. More generally, a compari-
son with the spectroscopic data can provide a test of the underlying SBHB-in-a-
circumbinary disk model as well as a constraint on the time scale for evolution of
the gravitationally bound SBHBs.
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Fig. 4 Composite FeKα
emission line profiles cal-
culated for q = 1 eccentric
binary with orbital separation
of 0.01pc and accretion disks
of equal luminosity. Profiles
are shown as a function of
the binary orbital phase in
arbitrary flux units against
frequency normalized to the
rest frame frequency. Figure
adapted from [161].
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There are also other, fully developed observational techniques that can in prin-
ciple be utilized to study SBHBs, once such a sample is defined. For example,
velocity-resolved reverberation mapping is a method that has been successfully used
to study the structure of the BLRs in several ”conventional”, single black hole AGNs
[145, 146, 147, 148, 149, 150, 151, 152]. The method relies on the measurement of
the propagation of a light echo from the central source of the continuum radiation
across the BLR. This is achieved through monitoring of the response of the permit-
ted broad optical emission lines to the variations in the continuum. The approach
yields constrains on the structure of orbits occupied by the emitting gas (i.e., circu-
lar or eccentric, inflowing or outflowing), as well as the SBH mass and inclination of
the BLR relative to the observer’s line of sight. Because it is observationally inten-
sive, this technique can initially be applied to a subset of selected SBHB candidates
with the goal to study the structure of their BLR regions. A typical monitoring cam-
paign over several months of time would allow to capture the kinematics of the gas
and factor out the variability due to the orbital motion of the binary, which for the
parsec scale binaries occurs on much longer time scales (see Section 2.3).
Over the past two years a detection of time- and energy-resolved reverberation
lags also became possible in the X-ray band and specifically, in the FeKα emis-
sion line region [153, 154, 155, 156, 157, 158]. While key ideas are similar to the
method used in the optical band, the main difference is that the FeKα line emission
originates from the BLR very close to the SBH, within∼ 10rg3 [159]. The relativis-
tically broadened profiles probe the structure of the innermost accretion disk region
as well as the the spin of the SBH. In the context of SBHB model, this technique can
in principle be applied to very close binaries at orbital separations of ∼ 30− 103 rg,
assuming that they can maintain the bright, X-ray emitting accretion disks within
their orbit [160].
In reality, the X-ray emission properties of such close SBHB systems are virtually
unknown beyond several theoretical models that predict the shape of the composite
3 rg = GM/c2 is the gravitational radius.
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FeKα emission lines from binary BLRs [162, 161]. Figure 4 shows a sequence of the
FeKα line profiles as a function of the binary orbital phase calculated for an equal-
mass binary with two disks of equal luminosity. This and other models illustrate that
if the FeKα emission from SBHB systems can be observed, that line profiles will
be distinct from those observed in the single SBH systems. Their detection however
may be challenging due to the fact that these SBHB are relatively short lived and are
expected to merge due to the emission of GWs on time scales of 104−106 yr [160].
Another promising channel for detection of this population of close SBHBs is
with the pulsar timing arrays (PTAs) [163, 164, 165, 166, 167]. This observational
technique is based on the monitoring of a network of stable millisecond pulsars
with the goal to measure a characteristic departure in the time of arrival of their ra-
dio pulses caused by GWs in the frequency range (10−9−10−7Hz). While the PTA
signal is expected to be dominated by the stochastic background of GWs emitted by
a population of SBHBs with mass > 108 M⊙ and z < 1, detection of individual, par-
ticularly bright GW sources cannot be excluded [168, 169, 170, 171]. A detection of
the PTA SBHBs can constrain the dominant evolutionary scenario and possibly the
accretion history of the most massive black holes in the universe. It conjunction with
observations of the FeKα line profiles, this approach could provide the only oppor-
tunity to study the GW emitting SBHBs before the GW space-based observatories
come online.
4 Conclusions
Past ten years have marked a period of very active research on SBH pairs and bi-
naries. The interest in them has been driven by a realization that SBHs play an im-
portant role in evolution of their host galaxies and also, by intention to understand
the parent population of merging binaries because these are the prime targets of the
long anticipated space-based GW observatories. While the future space-based GW
detectors will undoubtedly transform our understanding of SBHBs, the electromag-
netic signatures remain the only way to learn about this population of objects in the
next two decades.
Investigation of SBHBs has been spearheaded by theoretical studies which have
investigated how black holes grow, form pairs and interact with their environment.
They matured into a field that now faces questions rooted in thorough understanding
of an extensive parameter space of SBHBs, their accretion flows and stellar environ-
ments. It became apparent that if further advances are to be made, observations of
SBHBs must follow hand in hand, so to illuminate which portion of this parameter
space is relevant for increasingly sophisticated theoretical models and simulations.
Observational searches for SBHB have however been challenging and while they
unearthed a handful of binary candidates early on, their nature remained inconclu-
sive in absence of the systematic multi-wavelength followup. They still provided
valuable lessons as the present landscape of observational searches is represented
by better designed, multi-wavelength and multi-year observational campaigns. The
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spectroscopic searches for SBHBs seem capable of delivering a statistically signifi-
cant sample of binaries and their first results appear broadly consistent with theoreti-
cal predictions. In combination with other complementary observational techniques,
they are well positioned to pave the way to a discovery of SBHBs.
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